Ubiquitin (Ub) has important roles in a wide range of intracellular signalling pathways. In the conventional view, ubiquitin alters the signalling activity of the target protein through covalent modification, but accumulating evidence points to the emerging role of noncovalent interaction between ubiquitin and the target. In the innate immune signalling pathway of a viral RNA sensor, RIG-I, both covalent and non-covalent interactions with K63-linked ubiquitin chains (K63-Ub n ) were shown to occur in its signalling domain, a tandem caspase activation and recruitment domain (hereafter referred to as 2CARD) 1, 2 . Non-covalent binding of K63-Ub n to 2CARD induces its tetramer formation, a requirement for downstream signal activation 3 .
Ubiquitin (Ub) has important roles in a wide range of intracellular signalling pathways. In the conventional view, ubiquitin alters the signalling activity of the target protein through covalent modification, but accumulating evidence points to the emerging role of noncovalent interaction between ubiquitin and the target. In the innate immune signalling pathway of a viral RNA sensor, RIG-I, both covalent and non-covalent interactions with K63-linked ubiquitin chains (K63-Ub n ) were shown to occur in its signalling domain, a tandem caspase activation and recruitment domain (hereafter referred to as 2CARD) 1, 2 . Non-covalent binding of K63-Ub n to 2CARD induces its tetramer formation, a requirement for downstream signal activation 3 .
Here we report the crystal structure of the tetramer of human RIG-I 2CARD bound by three chains of K63-Ub 2 . 2CARD assembles into a helical tetramer resembling a 'lock-washer', in which the tetrameric surface serves as a signalling platform for recruitment and activation of the downstream signalling molecule, MAVS. Ubiquitin chains are bound along the outer rim of the helical trajectory, bridging adjacent subunits of 2CARD and stabilizing the 2CARD tetramer. The combination of structural and functional analyses reveals that binding avidity dictates the K63-linkage and chain-length specificity of 2CARD, and that covalent ubiquitin conjugation of 2CARD further stabilizes the Ub-2CARD interaction and thus the 2CARD tetramer. Our work provides unique insights into the novel types of ubiquitin-mediated signal-activation mechanism, and previously unexpected synergism between the covalent and non-covalent ubiquitin interaction modes.
Effective immune defence against viral infection is dependent upon efficient detection of pathogens by innate immune receptors. One such receptor is RIG-I, which recognizes RNAs from a broad range of viruses and activates the type I interferon (IFN) signalling pathway 4 . RIG-I consists of an amino (N)-terminal 2CARD, which is important for signal activation, and a central DExH/C motif helicase domain and carboxy (C)-terminal domain (CTD), which together function as a viral RNA recognition unit (Fig. 1a) . The crystal structure of RNA-free, full-length RIG-I 5 showed that 2CARD forms an intramolecular interaction with the helicase domain. Upon RNA binding, 2CARD was proposed to be released from the helicase domain [5] [6] [7] , which would allow its interaction with the N-terminal CARD of the downstream signalling adaptor molecule, MAVS [8] [9] [10] . Upon interaction with RIG-I 2CARD, MAVS CARD forms a self-perpetuating filament, which then recruits TRAF2, 3 and 6 to activate downstream IFN-a/b signalling pathways 11 . Accumulating evidence suggests that a simple release of 2CARD is insufficient for the signal activation by RIG-I. It was shown that modification of RIG-I 2CARD with K63-Ub n by the E3 ligase TRIM25 is important for signalling activity of isolated 2CARD 2 . Subsequent studies showed that unanchored K63-Ub n can non-covalently bind 2CARD to promote its tetramerization and concomitant signal activation 1, 3 . Recently, we and others have shown that RIG-I forms a filament along double-stranded RNA (dsRNA) using its helicase and CTD 12, 13 , and that the resultant proximity can promote 2CARD oligomerization and stimulate MAVS in the absence of K63-Ub n 12 . This differs from isolated 2CARD, which strictly requires K63-Ub n for oligomerization and signal activation 1, 3 (Extended Data Fig. 1b) . These studies suggest the presence of at least three mechanisms, Ub-conjugation, Ub-binding and filament formation, and more complex signal activation process for RIG-I.
To understand more precisely the roles of covalent and non-covalent interactions with Ub, we have crystallized human RIG-I 2CARD in complex with K63-Ub 2 , a minimal chain length required for tetramerization of 2CARD 1 . Our initial crystallization trials included wild-type and 2CARD surface mutants, but crystals were obtained only with the double mutant, K115A/R117A, which retains the wild type's ability to tetramerize with K63-Ub n and activate the IFN-b pathway (Extended Data  Fig. 1a, b) . The structure was determined by molecular replacement and was refined to 3.7Å with R work of 22.2% and R free of 28.5% (Extended Data Table 1 ). The structure revealed the tetrameric architecture of 2CARD bound with six Ub molecules in the asymmetric unit (Fig. 1a, b and Extended Data Fig. 2a ). Despite poor electron density for the K63-linkage, SDS-polyacrylamide gel electrophoresis (SDS-PAGE) analysis of the crystal revealed that K63-Ub 2 was intact (Extended Data Fig. 2e) . Analysis of the distance between the C terminus and K63 of adjacent Ubs unambiguously indicated the three Ub pairs connected through the K63 linkage (Extended Data Fig. 2f) .
The RIG-I 2CARD tetramer is formed by a rigid-body docking of monomeric 2CARD. The four 2CARD subunits (A-D) display a conformation that is indistinguishable from 2CARD in the monomeric RIG-I 5 (Extended Data Fig. 3a ) in terms of both individual CARD structures and the relative orientation of the first and second CARDs. Superposition of the full-length RIG-I onto one of the 2CARD subunits in the tetramer showed that a part of the 2CARD-2CARD interface is directly masked by the helicase domain in the full-length RIG-I (Extended Data Fig. 3b ), indicating that blockade of the tetramerization surface mediates auto-repression of RNA-free RIG-I.
The RIG-I 2CARD tetramer exhibits a helical assembly, in which the adjacent 2CARD subunits (A-B, B-C and C-D) are related by ,101u rotation and ,5Å rise along the central screw axis (Extended Data  Fig. 3c ). The interaction between subunits D and A at the helical 'seam' (Fig. 1b) differs from the A-B, B-C and C-D interactions by displacement of subunit A by a single CARD (Extended Data Fig. 3c ). Consequently, the 2CARD tetramer can be viewed as a 'lock washer' with the two ends displaced by half the thickness of the ring (Fig. 1b) . Alternatively, it can be viewed as two continuous helical turns of a single CARD, first with four copies of the first CARD followed by four copies of the second CARD. The helical assembly of 2CARD cannot extend beyond the tetramer as the assembly unit is tandem CARD domains, in which the first and second CARDs are rigidly joined through tight intramolecular interactions.
CARD belongs to the death domain (DD) superfamily, members of which share little sequence similarity, but have a common threedimensional fold FAS-FADD complex 17 . Assembly of DD oligomers is commonly mediated by six surface areas (Ia/b, IIa/b and IIIa/b) forming three types of intermolecular interactions (Ia-Ib, IIa-IIb and IIIa-IIIb) 14 . Similarly, RIG-I 2CARD uses the analogous surface areas of both the first and second CARDs for the intramolecular (IIa-IIb) and intermolecular interactions (Ia-Ib and IIIa-IIIb) in the tetramer (Fig. 1c) . The six types of Ia-Ib and IIIa-IIIb interactions were observed; three (solid lines in Fig. 1c ) between adjacent subunits along the helical trajectory (A-B, B-C and C-D), and the other three (dotted lines) at the helical seam between subunits D and A. Mutation of residues involved in the inter-or intramolecular interactions impaired the ability of 2CARD to tetramerize with K63-Ub n (as measured by electrophoretic mobility shift assay (EMSA) using 2CARD fused to a fluorescent tag, SNAP 12 , Fig. 1d ), and to activate the IFN-b signalling pathway in cells (Extended Data Fig. 3d ). This result suggests the importance of inter-CARD interactions in formation of the signalling competent RIG-I 2CARD tetramer.
We next asked how this tetrameric, but not monomeric, 2CARD can activate downstream signalling pathway, that is, MAVS CARD filament formation. In the case of Myddosome, PIDDosome, and FAS-FADD complex, the helical oligomeric structure of upstream signalling molecules serves as a scaffold to assemble the downstream DD oligomers through helical extension 14 . We speculated that RIG-I 2CARD may use a similar mechanism to assemble the MAVS CARD filament (Fig. 2a) . According to this model, the bottom surface of the first CARD or the top of the second CARD would serve as a platform to recruit MAVS CARD, and the resultant MAVS CARD filament would use the same type of molecular interactions (Ia-Ib, IIa-IIb and IIIa-IIIIb) as in the 2CARD tetramer (Fig. 2a) . We found that mutations of surface IIb (top) of the second CARD, but not IIa (bottom) of the first CARD, significantly reduced the signalling activity of RIG-I (Fig. 2c) , suggesting that the top of the second CARD may be involved in MAVS recruitment. Consistently, mutations in IIb of the second CARD completely abrogated its ability to stimulate MAVS CARD filament formation without affecting its tetramer formation of 2CARD (Fig. 2d, e) , suggesting that the top surface of the second CARD serves as the primary site for MAVS recruitment. In addition, both MAVS CARD filament assembly and cellular signalling activity was significantly affected by mutations in the equivalent surface areas, Ia/b-IIIa/b (Fig. 2f, g ), further supporting our 'helix-extension' model of MAVS activation by the RIG-I 2CARD tetramer. Although the helical symmetry of RIG-I 2CARD (that is, a pitch in the screw equivalent to the height of a single CARD) prevents helical assembly of RIG-I tandem CARDs beyond the tetramer, it is compatible with filament extension of MAVS as it only has a single CARD.
Unlike the DD oligomers, tetramer formation of isolated 2CARD requires K63-Ub n . In our structure, three chains of K63-Ub 2 were bound along the outer rim of the helical trajectory (Fig. 3a) . Each chain interacts with two adjacent 2CARDs in the same manner (Extended Data  Fig. 5a ). There are two types of interactions between Ub and 2CARD; the 'proximal' Ub fits into the groove between the adjacent 2CARDs, forming composite interactions using two distinct surface patches of Ub (L8/I44/V70 and F45/A46/N60/Q62) (Fig. 3a, b) . These two patches of proximal Ub contact surface IV and V of 2CARD, respectively. By contrast, the 'distal' Ub interacts with only one 2CARD (surface VI) using the L8/I44/V70 surface patch (Fig. 3a, b) . One exception is the distal Ub bound at the helical seam, which interacts with both subunits D (surface VI) and A (surface V). Note that the location of the surface IV in the second CARD is equivalent to that of VI in the first CARD (Extended Data Fig. 5b ). Mutations in any one of the three surface areas (IV, V and VI) in 2CARD impaired its ability to tetramerize upon addition of free K63-Ub n (Fig. 3c) . However, the cellular signalling activity 
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of RIG-I 2CARD (fused to glutathione S-transferase (GST)) was impaired by mutations of surface V and VI, but not IV (Fig. 3d) , suggesting that the 2CARD(IV)-Ub interaction is compensated by other factors in cells, such as covalent conjugation of Ub near IV (explained further in Fig. 4 ).
The observed K63-linkage specificity of 2CARD 3 appears to be dictated by avid binding of K63-Ub n chains to the proximal and distal Ub binding sites, as observed with other Ub receptors 18 . That is, the relative distance and orientation of the proximal and distal Ub binding sites are compatible with K63-linked, but not K48-linked or linear Ub chains (Extended Data Fig. 5c ). The poor electron density for the K63-linker, an indicator of conformational flexibility, also argues against a mechanism in which the K63-linkage is directly recognized by 2CARD, although other factors could have also contributed to conformational heterogeneity of the linker (Extended Data Fig. 2g ).
The structure predicts that longer Ub chains could wrap around the 2CARD tetramer at 1:4 or 2:4 molar ratios, thereby increasing the binding avidity and efficiency to promote 2CARD tetramerization. We observed that the efficiency of 2CARD tetramer assembly consistently 
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increases with Ub chain length and that a single chain of Ub 3 can stabilize the 2CARD tetramer (Extended Data Fig. 7a, b, g ). To understand how K63-Ub n with n . 2 interacts with the 2CARD tetramer, we identified possible Ub-binding sites by mapping the IV, V and VI sites onto the 2CARD tetramer (Fig. 3b) . Besides the six sites occupied in our crystal structure (sites 1-6 in Fig. 3b ), we located two additional Ub binding sites (site 7, and possibly 8) (Extended Data Fig. 7c, d ). As the distance between sites 2 and 3; 4 and 5; and 7 and 1 is too great to be directly connected via the K63 linkage (Fig. 3b) , a 'spacer' Ub would be required between these sites (Extended Data Fig. 7e) . Accordingly, the chain length of n 5 5-10 would be required to bridge the four 2CARD subunits (Extended Data Fig. 7e, f) , which coincides with the chain length of K63-Ub n co-purified with RIG-I 2CARD from cells 1 . The relationship between the covalent conjugation and non-covalent binding of K63-Ub n in RIG-I signalling has been controversial 1, 2 . These two mechanisms have been proposed to use the same six Lys residues (K99, K169, K172, K181, K190 and K193) 1, 2 . Our structure showed that none of these residues are involved in K63-Ub n binding or in the 2CARD-2CARD interaction, suggesting that the observed negative impact of mutating the target lysines (6KR) 2 reflects the importance of covalent Ub conjugation in the signalling activity of isolated 2CARD (Extended Data Fig. 5d ). To understand the interplay of covalent and non-covalent binding of Ub, we examined the distance between the target lysine and the C-terminal tail of proximal Ub. Although 2CARD residues 189-200 containing K190 and K193 are disordered in the crystal structure, the remaining four target lysines and the most C-terminal residue, V188, are within the covalent linkage distance from the C-terminal tail of proximal Ub (Fig. 4a) . This observation suggests that covalent conjugation of K63-Ub n to the six lysines is compatible with its non-covalent binding to 2CARD, and may further stabilize the 2CARD tetramer.
To test this hypothesis, we compared the tetramerization efficiency of 2CARD conjugated with K63-Ub 2 and 2CARD with free K63-Ub 2 . We observed the mobility shift of 2CARD when K63-Ub 2 was covalently conjugated by TRIM25 (sample 3 in Fig. 4b ) similar to the shift observed with unanchored K63-Ub n (n . 8) (sample 2). No shift was observed when mono-Ub was conjugated (sample 4) or Ub 2 -conjugation was inhibited by EDTA (sample 5), suggesting that the mobility shift was caused by covalent conjugation with Ub 2 , not by free Ub 2 (which requires higher to stabilize the 2CARD tetramer. a, The C-terminal residue of the proximal Ub is within the covalent-linkage distance from the target Lys. As residues 72-76 of proximal Ub were disordered in the structure, distance was measured between Cas of L71 in proximal Ub (red sphere) and target Lys (K99, K169, K172 and K181, black spheres) in 2CARD. V188 was used in place of K190 and K193, which are in the disordered C-terminal tail of 2CARD. The distance requirement for covalent conjugation (,25Å ) is shown on the right. b, EMSA analysis of 2CARD tetramerization stimulated by covalently conjugated or unanchored K63-Ub 2 or Ub 1 . Fluorescently labelled (indicated with an asterisk) 2CARD-S was subject to Ub conjugation (TRIM25 reaction) before or after EDTA quenching. Samples 3 and 5 enable direct comparison between covalently conjugated and unanchored Ub 2 . As elongation of Ub chains by TRIM25 is prevented by K63R mutation within Ub 2 and Ub 1 , the presence of several bands in SDS-PAGE analysis reflects conjugation of Ub 2 to 2CARD at multiple Lys targets. 
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concentrations to induce 2CARD tetramerization, Extended Data Fig. 7a) . Accordingly, Ub 2 -conjugated 2CARD stimulated MAVS filament formation more efficiently than 2CARD with free Ub 2 (Fig. 4c) . In addition, mutations in the 2CARD-2CARD and 2CARD-Ub interfaces (except for the mutation in IV) abrogated tetramerization of 2CARD conjugated with Ub 2 (Fig. 4d) . These results suggest that 2CARD tetramerization mediated by covalently conjugated Ub 2 requires the same type of non-covalent 2CARD-Ub and 2CARD-2CARD interactions as with that mediated by unanchored K63-Ub n . The loss of tetramerization of Ub 2 -conjugated 2CARD upon VI mutation is consistent with the observation that conjugation with mono-Ub (and its bridging of IV and V) is insufficient to induce 2CARD tetramerization (Fig. 4b) . As for the IV mutation, covalent conjugation of Ub 2 compensated for inefficient Ub binding (Figs 3c and 4d ), which provides a rationale for its robust signalling activity in cells (Fig. 3d) . This result further supports the notion that covalent Ub conjugation near its binding site enhances the stability of the 2CARD tetramer.
We have previously shown that induced proximity of 2CARD within RIG-I filaments formed on long (,60-100 base pair (bp)) dsRNA could contribute to 2CARD oligomerization independtly of Ub 12 . To better understand how filament formation interplays with Ub-mediated 2CARD oligomerization, we investigated the dependence of the signalling activity of Ub conjugation-defective (6KR) or binding-defective (K95E/E98R) mutants on RNA length. Both mutations significantly reduced the signalling activity of full-length RIG-I with 21 bp dsRNA (Extended Data Fig. 5d ), a dsRNA length that does not support filament formation. However, their negative effects were progressively alleviated by increasing the length of dsRNA (Extended Data Fig. 5d ). This result suggests that the requirement for Ub-conjugation and Ub-binding can be partially compensated by filament formation 12 , and that the three mechanisms, Ub-binding, conjugation and filament formation, act synergistically for optimal signal activation.
Ub-dependent signal activation typically involves covalent conjugation of a target protein with Ub upon signal activation, and this 'Ub signal' is decoded by a downstream protein which binds to the conjugated Ub in linkage-and length-specific manners 18 . In the RIG-I signalling mechanism, 2CARD is both an Ub-conjugation target and a receptor, with little structural similarity to previously characterized Ub-binding domains. Our current work shows how these dual functions of RIG-I 2CARD synergize and lead to efficient formation of the signalling competent tetramer and provides unique insights into a novel type of Ub-mediated signal activation mechanism. Furthermore, the resultant helical architecture of the RIG-I 2CARD tetramer offers a previously unexpected signal activation mechanism for RIG-I, in which the 2CARD tetramer is used as a signalling 'platform' to recruit and assemble the MAVS filament. Whether there is potential for generalizing our findings to MDA5 or other CARD domains will require future investigations (Extended Data Figs 8 and 9 ).
METHODS SUMMARY
Human RIG-I 2CARD (K115A/R117A, residue 1-200) was expressed in BL21(DE3) and purified by Ni-NTA affinity and size-exclusion chromatography (SEC). The RIG-I 2CARD-K63-Ub 2 complex was assembled by mixing RIG-I 2CARD and K63-Ub 2 at a 1:2 molar ratio, purified by SEC and crystallized in reservoir buffer containing 0.2 M tri-lithium citrate, 22-24% PEG300 and 3% ethylene glycol. Diffraction data were collected at beamline 8.3.1 at the Advanced Light Source and beamline 24ID-C at the Advanced Photon Source and processed using the program XDS 19 . The structure was determined by molecular replacement using Phaser 20 with duck 2CARD and monoubiquitin (from Protein Data Bank (PDB): 4A2W and 1UBQ, respectively), and refined using Coot 21 and Phenix Refine 22 . A summary of data collection and structure refinement statistics is provided in Extended Data Table 1 .
Online Content Any additional Methods, Extended Data display items and Source Data are available in the online version of the paper; references unique to these sections appear only in the online paper.
METHODS
Plasmid constructs. Wild type and variants of RIG-I 2CARD (residue were subcloned between XmaI and HindIII restriction sites in pET47b (Novagen). Site-directed mutagenesis was performed using the KAPA HiFi PCR kits (KAPA biosystems). For the 2CARD-SNAP (2CARD-S) construct, 2CARD was subcloned between the XmaI and HindIII, and SNAP between the XhoI and AvrII restriction sites in pET47b. For MAVS CARD fused to SNAP (CARD-S), CARD and SNAP were sequentially inserted between the BamHI and EcoRI, and between the EcoRI and XhoI restriction sites in pET47b, respectively. The bacterial expression construct for mouse E1 ubiquitin activating enzyme (pET28-mE1) was purchased from Addgene. Human TRIM25 was cloned between KpnI and SalI restriction sites of pET50b. Human UbcH5, Ubc13 and Uev1a were inserted between the XmaI and XhoI restriction sites in pET47b, and human ubiquitin was inserted between the XmaI and HindIII restriction sites in pET47b. For expression of RIG-I in HEK293T cells, wild-type RIG-I and its mutants were inserted between the HindIII and KpnI restriction sites in pFLAG-CMV4 (Sigma). GST fusion constructs for RIG-I 2CARD (in pEBG) and its Lys variant (6KR) were gifts from M. U. Gack (Harvard Medical School). Material preparation. RIG-I 2CARD and 2CARD-S were expressed in BL21(DE3) at 20 uC for 16-20 h following induction with 0.4 mM IPTG. The proteins were purified by Ni-NTA affinity chromatography. The 63His tag was removed by HRV 3C protease, and 2CARD was further purified by additional Ni-NTA affinity chromatography (which removes uncleaved protein and protease) and SEC in buffer A (20 mM HEPES pH 7.5, 150 mM NaCl). For N-terminal fluorescent labelling of RIG-I 2CARD, the protein (,2 mg ml
21
) was incubated with 0.5 mM peptide (LPETGG) conjugated with fluorescein (Anaspec) and 0.3 mM S. aureus sortase A (a gift from Hidde Ploegh, MIT) 23 at room temperature (RT) for 2-3 h, followed by Ni-NTA affinity purification to remove sortase and SEC.
MAVS CARD was expressed as a fusion protein with the SNAP tag (CARD-S) in BL21(DE3) at 20 uC for 16-20 h following induction with 0.4 mM IPTG. MAVS CARD-S was purified using Ni-NTA affinity chromatography and SEC. Purified CARD-S exists in the form of short filaments and was denatured in 6 M guanidinium hydrochloride for 30 min at 37 uC, followed by dialysis against 20 mM HEPES, pH 7.5, 500 mM NaCl, 0.5 mM EDTA and 10 mM BME at 4 uC for 1 h. Refolded CARD-S was labelled with Alexa488-benzylguanine (NEB) according to the manufacturer's instruction, further purified by SEC in buffer B (20 mM HEPES pH 7.5, 150 mM NaCl, 0.5 mM EDTA) to remove unincorporated dye, and was immediately used for filament formation assays.
Mouse E1, human UbcH5, Ubc13, Uev1a and ubiquitin were prepared as previously reported 12 . NusA fusion of TRIM25 was expressed from BL21(DE3) at 20 uC for 16-20 h following induction with 0.4 mM IPTG and purified by Ni-NTA affinity and SEC.
The 42 and 112 bp dsRNAs were synthesized as before (ref. 12). See ref. 12 for the sequence. Synthesis of unanchored and 2CARD-conjugated polyubiquitin chains. Lys63-linked ubiquitin chains (K63-Ub n ) were generated from a reaction containing 0.4 mM ubiquitin, 4 mM mE1, 20 mM Ubc13 and 20 mM Uev1a in buffer (10 mM ATP, 50 mM Tris pH 7.5, 10 mM MgCl2, 0.6 mM DTT). The K63-Ub n synthesis reaction was performed overnight at 37 uC. Synthesized K63-Ub n chains were purified as described previously 24 . Briefly, ubiquitin chains were diluted fivefold into 50 mM ammonium acetate, pH 4.5, 0.1 M NaCl and separated over a 45 ml 0.1-0.6 M NaCl gradient in 50 mM ammonium acetate, pH 4.5 using a Hi-Trap SP FF column (GE Healthcare). High molecular weight fractions were applied to an S200 10/300 column equilibrated in Buffer A.
Ub 2 was generated from a reaction containing 0.2 mM Ub(D77), 0.2 mM Ub(K63R), 4 mM mE1, 20 mM Ubc13 and 20 mM Uev1a in buffer (10 mM ATP, 50 mM Tris pH 7.5, 10 mM MgCl 2 , 0.6 mM DTT). Ub 4 , Ub 6 and Ub 8 were synthesized as previously reported (ref. 1).
For synthesis of Ub 2 covalently conjugated to RIG-I 2CARD, 10 mM wild-type and mutant RIG-I 2CARD-S constructs were incubated with 350 mM Ub 2 , 4 mM mE1, 2 mM TRIM-25, 150 mM UbcH5 in 50 mM Tris, pH 7.5, 10 mM ATP, 10 mM MgCl 2 , 2 mM DTT for 2 h at 37 uC. Crystallization and structure determination. The RIG-I 2CARD-K63-Ub 2 complex was assembled by mixing RIG-I 2CARD (residues 1-200, K115A/R117A) (,10.0 mg ml
) and K63-Ub 2 at a 1:2 molar ratio, and was concentrated to ,10 mg ml 21 in buffer A and 2 mM DTT and the resultant complex was purified by SEC. Crystals were initially obtained as needle clusters using the hanging-drop vapour-diffusion method from a 1:1 mixture of sample and reservoir buffer that contained 0.2 M tri-lithium citrate, 20% PEG3350. Crystals were optimized using reservoir buffer containing 0.2 M tri-lithium citrate, 22-24% PEG300, 3% ethylene glycol. Diffraction data were collected at beamline 8.3.1 at the Advanced Light Source and beamline 24ID-C at the Advanced Photon Source and processed using the program XDS 19 .
The structure was determined by molecular replacement using Phaser 20 with duck 2CARD and monoubiquitin (from PDB: 4A2W and 1UBQ, respectively). We first identified the molecular replacement solution for four copies of 2CARD in the asymmetric unit, which was then fixed in the subsequent rounds of molecular replacement to locate six copies of Ub. The solutions for four copies of 2CARD in the tetramer (chains A through D) were unambiguously identified with the translational function Z-scores (TFZ) between 13 and 24. The solutions for Ub chains E, F, G, H and J were also unambiguous with TFZ between 11 and 23. Two competing solutions for the Ub chain I (Ia and Ib in Extended Data Fig. 2b) were found during earlier stages of molecular replacement with TFZs of 15 and 19, respectively. However, once the rest of the complex (that is, four 2CARDs and Ub chains E-H and J) was fixed as a known solution, only Ia was identified. In addition, only Ia, but not Ib, is compatible with the simulated annealing omit map density (Extended Data Fig. 2b) . These results suggest that Ia is the correct solution and thus was selected in the final model. The structure was refined by an iterative process of manual model building using Coot 21 and simulated annealing, individual site, TLS refinement with torsion NCS and bulk solvent scaling using Phenix Refine 22 . Individual CARDs (first and second) and Ub moieties were used as independent TLS groups. The quality of the final model was examined using MolProbity 25 and simulated annealing omit maps (Extended Data Fig. 2a, b) calculated with Phenix. Ramachandran plot indicated 94.3% and 0.9% of the protein residues are in favoured and outlier conformations, respectively. Unless mentioned otherwise, molecular graphics figures were generated using PyMOL (Schrodinger). A summary of data collection and structure refinement statistics is provided in Extended Data Table 1 . 2CARD tetramerization assay (EMSA). Unless stated otherwise, EMSA was performed by Alexa647 labelled, purified RIG-I 2CARD-S (10 mM or indicated amount) in buffer A (20 mM HEPES, pH 7.5, 150 mM NaCl, and 2 mM DTT) in the presence and absence of indicated amount of K63-Ub n (see Extended Data Fig. 1b) for 15 min at room temperature, and the complex was analysed on Bis-Tris native PAGE (Life). Fluorescent gel images were recorded using an FLA9000 scanner (Fuji) and analysed with Multigauge (Fuji). MAVS filament formation assay. The MAVS filament formation assay was performed as previously reported 26 . Refolded, Alexa647 labelled monomer of CARD-S was prepared as previously described 26 . In the absence of external stimuli or seed filaments, refolded MAVS CARD remains stably as a monomer over 24 h, after which it spontaneously forms prion-like filaments over the course of days. Thus, all assays involving MAVS filament formation were performed within 6 h after refolding. To monitor stimulation of MAVS filament formation by RIG-I 2CARD, labelled, monomeric MAVS CARD-S (CARD-S*, 10 mM) was incubated with 10 mM 2CARD-S and 10 mM Ub n (10 mM monomeric Ub concentration) for 15 min at room temperature before analysis by Bis-Tris native PAGE (Life) or by electron microscopy. For MAVS filament extension assay in Fig. 2f , monomeric CARD-S* was mixed with unlabelled, wild-type MAVS CARD-S filament seeds, and filament extension by the monomeric CARD-S* was monitored by EMSA. Fluorescent gel images were recorded using an FLA9000 scanner (Fuji). Some level of divergence observed between in vitro MAVS filament formation assay and cellular IFN-b reporter assay may reflect differences in the sensitivity of the assays and signal readout mechanisms. Interferon reporter assay. 293T cells were plated in 48-well plates in Dulbecco's modified Eagle medium (Cellgro) supplemented with 10% heat-inactivated fetal calf serum (Gibco) and 1% penicillin/streptomycin. At ,95% confluence, cells were co-transfected with pFLAG-CMV4 plasmids encoding RIG-I or mutants (20 ng), IFN-b promoter driven firefly luciferase reporter plasmid (100 ng) and a constitutively expressed Renilla luciferase reporter plasmid (pRL-TK, 10 ng) by using at 1:2 ratio of DNA:lipofectamine2000 (Life) according to the manufacturer's protocol. The medium was changed 4-6 h post-transfection and cells were subsequently transfected with in vitro transcribed dsRNA (0.5 mg) using 1:1 ratio of lipofectamine2000. For MAVS and GST-2CARD, cells were transfected with plasmids expressing full-length MAVS (MAVS-pcDNA3, 20 ng) or GST-2CARD (2CARD-pEBG, 30 ng) with luciferase reporter plasmids (as above) without additional stimulation with dsRNA. Cells were lysed 24 h post-stimulation and IFN-b promoter activity was measured using the Dual Luciferase Reporter assay (Promega) and a Synergy2 plate reader (BioTek). Firefly luciferase activity was normalized against Renilla luciferase activity. Error bars represent standard deviation of three to five independent experiments. Multi-angle light scattering (MALS). The molecular masses of wild-type RIG-I 2CARD (residues 1-200), K63-Ub 3 and that of their complex were determined by MALS using a Superose 200 10/300 column (GE) attached to a miniDAWN TRI-STAR detector (Wyatt Technology) in 20 mM HEPES, pH 7.5, 150 mM NaCl. The complex of 2CARD and K63-Ub 3 was formed by mixing at 1:2 molar ratio of 2CARD-K63-Ub 3 before loading on a gel filtration column. 25Å ) is shown on the right, assuming 3.5Å spacing per residue in the missing C-terminal tail, 2Å for the C-terminal carboxylate, 6Å for Lys side chains. This condition is only satisfied with three pairs of Ubs, which enabled us to unambiguously identify pairs of Ubs that are covalently connected through the K63-linkage. g, Two crystallographic packing arrangements, which can potentially allow sharing of a single chain of Ub 2 by two neighbouring 2CARD tetramers. In these arrangements, K63 of Ub bound to one 2CARD tetramer is within the covalent conjugation distance (Ca distance ,25Å ) from L71 of Ub bound to a neighbouring 2CARD tetramer. Such Ub crossover would increase the heterogeneity in the Ub connectivity, and could have contributed to the poor electron density map corresponding to the K63-linker. The same colour code was used as in f.
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Extended Data Figure 4 | Detailed analysis of the 2CARD tetramerization interface. Electron density map (2F o -F c ) was contoured at s 5 0.9. A few residues at the interface were displayed as stick models with labels. a, Definition of the interaction surface type (same as in Fig. 1c) . b, Intramolecular interaction between surface IIb and IIa of the first and second CARDs, respectively. c, Intermolecular interactions that repeat along the helical trajectory (A-B, B-C and C-D). Shown are the interactions between 2CARD(A) and (B), which are identical to those between (B) and (C), and between (C) and (D) (Extended Data Fig. 3c ). These interactions involve three interfaces (shown in the left, middle and right panels). Each of these interfaces consists of a few (, 3-4) residues on each side of the molecules, suggesting that cooperativity of all three interactions might be important for the tetramer stability. The IIIa-IIIb interactions in the first and second CARDs (left and right panels) are more extensive than the Ia-Ib interaction (middle), and are in general electrostatic. Detailed interactions among the interface residues could not be unambiguously determined due to the limited resolution of the structure. d, Intermolecular interactions at the helical seam, which occurs only between 2CARD(D) and 2CARD(A). As with the interaction between 2CARD(A) and (B) (or between B and C, and between C and D along the helical trajectory), each of the three interfaces consists of a few (, 3-4) residues on each side of the molecules, and the IIIa-IIIb interaction is more extensive than either of the two 1a-Ib interactions. Note that IIIa of the second CARD interacts with IIIb of the first CARD at the helical seam, whereas it interacts with IIIb of the second CARD along the helical trajectory (c). This is despite the low level of conservation of IIIb between the first and second CARDs, and thus suggests plasticity in molecular interactions. Similarly, Ia of the second CARD also has two distinct interaction partners, that is, Ib of the second CARD at the helical seam and Ib of the first CARD along the helical trajectory (c). But in this case, Ia utilizes different residues (albeit in the same local area) to accommodate different interaction partners.
Extended Data Figure 6 | Detailed analysis of the 2CARD-Ub interface.
Electron density map (2F o -F c ) was contoured at s 5 0.9. Surface types were defined in the 2D representation on the left (as in Fig. 3b) . a, Proximal Ub occupies surfaces IV and V on 2CARD. Surface IV interacts with the hydrophobic patch (L8/I44/V70) of proximal Ub, whereas V interacts with a combination of hydrophilic (N60/Q62) and hydrophobic (F45/A46) residues of proximal Ub. b, The distal Ub bound to 2CARD(D) simultaneously occupies both surfaces VI and V, whereas distal Ub's bound to 2CARD(B) and (C) occupy surface VI alone (due to the lack of adjacent V). The interaction between distal Ub and VI is identical no matter whether the same Ub forms an additional interaction with V. Thus, only the distal Ub-2CARD(D) interaction is shown. Surface VI forms a combination of hydrophilic and hydrophobic interactions with Q49/R42 and L8/I44/V70 on distal Ub, respectively. Surface V interacts with distal Ub in the same manner as with proximal Ub, forming contacts with F45/A46/N60/N62 of Ub. Additional interactions involving surface V were seen with F4/T66/H68 of both distal and proximal Ubs (not shown in a), but they appear less intimate than those involving F45/A46/ N60/N62.
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